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UBIDlSSGaCE HlCDUCiD AS A aSSUItf OF EftEI&iS ULTRASWK UMESS* 
by 

Virginia QrJXfinc and Daniolc Jfctte** 
Department of Chemistry, Catholic Ifcivnrcity of America 

Abstract 

She luiainesconco produced by Intense ultrasonic tmves has been 

investigated in a number of water solutions and organic liquids in 

tho frequency range .66 - 2 Ite/s. Together «ith direot risual tests, 

quantitative noasurenents havr been perfcrtDDd for which a phctomDtrli 

method has been developed, ftp. *«e»l u shew that luminescence, visa 

it does occur, is always present with cavitotlon and starts at the 

sane oneruy level as cavitation. Various water solutions shew 

Ircsdneeoenoe in the same relativa amounts as the yield of tha cheiilcal 

reaction caused by intense sound t/avos. Jrcu this it is concluded 

that, at least in these cases, tho phenomenon is oheni. 1 unLnesoence. 

Acjong the organic liquid tested onJy nltrobenaene has shown a very 

weak lumLnescenoe in the frequency rangu and under the physical 

conditions examined. It is not possible at presont to conclude 

uhetbor this weak luminescence is duo to some chemical reaction 

occurring in it or to a different process. An apparent frequency 

dependence for the intensity of InmLuescenee was observed; however, 

it was shown that the threshold of cavitation was the frequency 

dependent phenomenon. 

*2his work was supported by the U.S. Office of tJaval Itesoarcb. 

«*From the Instituto dl Ultracustica, Rone, Italy. At present at 

the Catholic University of America. 
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Figures 1-5 do not appear in this report but 

will appear in the final paper to be published. 
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1,    Introduction 

iiany experimenter.', have reported tiio observation of lucdneftCGnce 

produced by high intensity sound troves in liquids at different 

frequencies and hyp' theses have been made coooernini the origin of 

this phenomenon,   ill authors agree that luminescence can only be 

present when cavi<>ation also occurs.   L, A. Chanters   t»\Tted a con- 

siderable i^riTrr of liquids in tbo low frequency range 1-;. Kc/sec. 

He found that tae intensity of the light produced by sound Vxxroased 

with tho prod ct of the dipole moment and the viscosity coefficient 

of the liqu*l.   The higher light intensities uere observed ir §2a-^rine 

and nitrob nacnei   the lower ones in the monohydrlo alcoholJ.    Water, 

however, iaa a ouch larger luminescence than -nuld te expected from 

its dip<ie manant and its viscosity. 
2 

I*, a higher frequency range, a few hundred kc/sec., £• H. Harvoy 

has s- udied nuaerous aolutlccs of different substances in water and 

intepreto his results as excluding the possibility of chwnninnlnnwfinfte 

as in explanation of the observed phenomena.   In particular the fact 

Hit luminescence Is present in water saturated with nitrogen led him 

•o the conclusion that the presence of oxygen is not necessary   for 

luminescence in water.   Moreover, the g roat variety of conditions 

under which the luminescence occurs in reducing or oxidising solutions 

is for him an evidence of noncheadcal origin of luminescence.   Harvey 

suggests that we are dealing with electroluminescence.   However, maro 

1. L. A. Chambers, J. Cham. Jnys. 5. 230(1937) 
2. E. N. Harvey, J. Am. Cham. Sec., &, 2392(1939) 
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recent eaperixatrnte havo ahown that there are chen&cal effects In all 

eases in which Harvey observed lundneaoence. 
3 

J. Frenkel   proposed the idea that the origin of lundnescenee 

aay be due to a kind of balloaleotrioity.   As a consequence of high 

intensity sound waves, the liquid is torn apart producing cavities in 

which electric charges are formed on opposite parts of the surface. 

Daring tibe collapse of a bubble an electric discharge takes place 

with production of light and f araatioo of active oxygon which may be 

responsible for the chemical effects observed.    This theory is based 

on the hypothesis that cavitation is produced by effective tearing 

of the liquid and not by a gradual growing of the bubbles from nuclei. 

It is difflonlt to accept this hypothesis because cavitation and 

luminescence nay be observed with intensities of the sound naves far 

below the ones that would be acquired to overooas the inter-nolecular 

forces* 

Recently E. A* Heppixas and B. 5. Holtingkr have studied 

solutions of carbon tetrachlaride in water in the frequency range 

$00 Bc/eec - 2 Ife/s and propose as alternative explanation cf 

Insinescenoe the possibility that the temperature inside the bubbles 

Increases during their collapse so much as to produce incandescence 

of the gases inside, 

3.    J* Franks!, Acta Fhysiooch. 12, JUilSUO) 
h.   E. A, Ifeppiraa, B. E, Holding!:, Iiillard lies. Lab. Itepcrt U5(l°5l) 
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In previous investigations tho \xypotitenia was madV and tostod *' 

that cavitation bubbles act +> as hot spots which are responsible for 

chomioal reactions, as also suggested by Iteppirae and Noltingk. 

It was found that such reactions occur only within the bubble 

and depond on the gas in the bubble.   Aqueous solutions of carbon 

totrachloride give free chlorine if the gas is A or CO, not if it is 

U2«    In ether, acetone, methyl; iloohol, benzene and nitrobenzene 

saturated with air, no chemical effects are found. 

Area this brief survey it appears that the origin of the 

sonoluxoinoscence is not yet clearly understood and that it is nec- 

essary to gather acre experimental data.   The experimental study of 

these phononona is made difficult because the observed light inten- 

sity Is 'very loir.    Ihue, up to now the observations have been of a 

qualitative nature. 

For these reasons w have made somo experiments to clarify the 

nature of the phencaena and have developed an experimental set-up 

for quantitative neasuraoants on luninescence to further <*^p"»alr 
8 

previous data   obtainci from direct visual observations. 

5. V. Orlffing, J. Chem. ffcys. 18, 997(1^0) 
6. IL £. Fitsgeralu, The Hole of'mBBolvod Oases in CheindLcal, asaotlons 

produced by Ultrasonics, flat D. Thesis, (ttthfJtn university of 
America Press (?.95l). 

7. V. Qriffing, J. Chem. Pbys. 20, 939(19$2) 
8. 7. Oriffing-D. Sette-Phys. Rev. 67,23u(l°52) 
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2. Apparatus and methods of measurement 

Per direct visual observations a sinple experimental anengesrant 

uae used. A quart* crystal laoonted in a holder described below has 

been used for generating sound waves xhlch are transmitted through a 

layer of jater to the liquid contained in the test tube, The open 

end of the tube was dosed by a thin sheet of nylon which permitted 

99% of the sound energy to enter the liquid. The observations were 

made In a dark room after the eyes became acocaodated to the low 

lrcenslty light. 

In the arrangement described the layer of water between quarta 

and test tube becomes luminescent. This is not a great inconvenience 

if the liquid in the tube is strongly luminescent, because the eyes 

distinguish the different luminous places, but is troublesome if the 

second liquid is scarcely luminescent or not luminescent at all. In 

these eases we have used as intermediate liquid ether or a mixture 

of water and ether where no luminescence was found. 

The experimental set-up used for quantitative measurements of 

luminescence is shewn in the block diagram of figun>_3. The liquid 

is contained in a small chamber in which one wall was a quarts 

crystal far generating sound waves and the opposite vail WAS a glass 

window. The photcsensiti-* tube was located on the back of the 

window. ThiPtube was a S3A 931 A and it is a part of a photo- 

multiplier miorophotcmeter (Am. Instr. Co. Type N 10-210) in which 

**&*&% 



-5- 

an amplifier and a bridge circuit are desicoed to allow measurements 

of very weak luminous flux (of the order of iniorcGdcroiuiaen), 

Aa important point in the constructions of such apparatus is to 

avoid any discharge between the quarts electrodes and to Unit as ouch 

as possible corona effects on the electrodes particularly inasnxh as 

the voltages applied to the quarts ranged up to 3500 volts. For 

thMM reason the quarts is put between two circular electrodes of 

diameter smaller than the quartz disc and only the central parts of 

Its faces are gold-plated. She electrodes Moreover have been shaped 

to decrease the voltage gradient. Ikitwlthstandiag these precautions 

a corona effect was still detectable (especially at 1 ac/seo) with 

the atarqpbotcaeter at its Madia sensitivity* 

la order to control the temperature, a refrigeration ooil was 

pet around the liquid nhfimher and tap water was used as the aSreu- 

latlng liquid. This system was found satisfactory for our purpose, 

because we Intended to investigate only at room temperature and it 

was necessary to change the liquid specimen very frequently for other 

reasons. Cavitation produces a rapid degassing of the small quantity 

of liquid in the chamber and a consequent chang > in its behavior. 

IJoreover uhon carbon tetrachlorlde was present in aqueous solutions, 

the chemical reactions produce a change in the optical properties of 

the liquid, with the appearance of a white cloudiness. The temperature 

of the liquid when introduced in the chamber and when it uaa taken 
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cuay was checked and usually a teuperaturo increase fron 21 to 26° C. 

woe obtained. 

Two threaded holes liavo boon placed in ttas chatter through which 

tho liquid io passed.   Two stall pipes can bo scre-.od in the holes 

widen rjatoe it possiblo to fill and oswty the coll.    The chaster is 

afteruards scaled with two screws.    \hmx water solutions saturated 

with gaoos different fron air had to bo tested tho feU cuing pro- 

cedure r*an used for introducing them in tho ultrasonic oollt (1) the 

chanter is filled with distilled water; (2) the water is pushed out 

of the charter by the same gas under pressure which is dissolved in 

tho liquid to be next used; (3) the charter is filled with the water 

solution fron a flask where the liquid is put under a pressure higher 

than atooephoric. 

A cylindrical shape of the liquid chaster has bean chosen 

having the glass window parallel to the quarts.   This was done to 

observe the light from the best position and increase the sound 

energy density in the liquid by reflections.   This has the dis- 

advantage that the presence of standing waves makes it difficult to 

specify the energy lovel inside the chaster*    Because it has been 

observed that the real distribution of the sound pressures -jsder these 

conditions is strongly dependent on the geometrical shape of the vessel, 

we have preferred to adopt a procedure developed in other cavitation 

threshold eaqpariments at this university^. 

9,   F. £. Fax and W. Connolly - Experimental Studies of the CaviU- 
tion Threshold in Liquids.   To be published. 

> j 
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The method involves tuo assumptionst (a) that the sound in- 

tensity level at which oovitation begins is indepoiident of the 

geometry of the sound field, (b) that tho energy in a given sound 

field is proportional to v , where 7 is the voltaic applied to the 

sound source at a given, constant frequency. Thus one detenxLnee K\ 

in the relation J • JStfT by slaultaneous measurements of the voltages 

and the sound intensity in a progressive, nearly piano wave system 

using a radiation pressure detector and fresh tap water. In the sane 

system one determines J^» the intensity level for tho onset of 

cavitation. Using the closed vessel with the standing wave system 

one next determines the voltage at which cavitation begins. Since 

one acunes that cavitation sots in at tho same local intensity as in 

the progressive wave, this yields the value of 1^ to bo used for this 

particular experimental arrangement as long as the frequency remains 

constant and the ratio of % to Kg i* assumed to depend only on the 

gooaetay of the system. 

Of course, after the onset of cavitation the presence of many 

sound scattering bubbles disturbs the sound field in both of the 

above systems, but one assumes that the Quadratic dependence upon 

Toltage holds for the average intensity beyond the cavitation thres- 

hold. Tho cavitation thresholds obtained* were 0.62 w/ca2 at 

660 kc; 0.90 w/cm at 1 mo and 1.65 w/ca2 at 2 mo. The conditions 

*Tnese values were obtained by applying intermittent -voltages to the 
quartz, (see (9)). 
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for W^i observation oT two oaviwtion in tiie chamber uore not vary 

favorable. Thir. observation uoo node by dieoormectinc the phototube 

attaohnant and uoinc the glaaswindou both for transcdtttne * light 

bean and looking at the bubble formation. Moreover it uae ofton 

difficult to start eavitaticn in the chanbsr, so that it uu sane- 

*S5MBC paref arable to determine the end Instead of the onset of eavita- 

tion. Accordingly the study of luminescence was usually dons by 

applying the war4*?"" voltage to the quart* and recording the light 

neter deflections as the voltage continuously ap lied to the quarts 

uoc gradually decreased. In these conditions of course cavitation 

ceased for energy levels slightly louor than uhen the voltage at the 

quarts at the onset of eavitaticn, 

Cb the sans sample only two or three runs were made, and the 

results given below are an average of tests GO many samples. As we 

have Motioned before the rmin reasons roe making so few runs on tha 

sane sample are the degassing of the liquid produced by oavitation 

and the fact that uhen carbco tetrachloride is present the liquid 

rapidly beoones cloudy due to cheatcal reactions taking place In it. 

In order to correct for these changes, the reading of the light neter 

given In the second and third runs have been multiplied by the ratio 

of the maximum readings in the first and second runs. Table 1 shows 

how the average dofleotions for a sample have been Calculated. The 

average for different samples ware used to obtain the values of light 

given below* 

»: 
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TABLS X. 

Calculation of average of illuminations at the phototube 

far a specimen of water, carbon tetrachloride, argon solution. 

Voltage 
at 

1st Run 

• 
Riot 

t.V3 Cpmm   -Z. 
2nd Sun 2nd Bun Corrected Average 

1 33.5 
-8 

10 
-a 

2U.U  10 33.5 
-8 

10 33.5  10 

1.3 27.5 19.8 27.1 27.3 

1.6 18.9 13.U 18.U 18.6 

1.3 9.5 7.0 9.6 9.55 

2.2 5.5 3.6 5.0 5.25 

2.U 1.5 0.9 1.2 1.35 

T77 T 
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At high ultrasonic intensity ue havo found that tho light 

intensity Measurements reproduce anito uell.    At louer ultrasonic 

intensities, however, large variations ware found among successive 

runs.   At this intensity, the luminescence changes very rapidly 

with the sound intensity.   Therefore snail change In gas content 

of the liquid, nuclei present, and other conditions which influence 

cavitation, have here a larger effect. 

It woe not possible to eliminate corona effect entirely, 

especially at 1 ib/soc where largo electric fields ware used.   This 

Is of no importance uhen the mooava>:^KM are made In strongly lum- 

inescent liquids, like tho aqueous solutions examined, because the 

defleotlons on the light meter due to corona are less than .$% of 

those obtained for the Inrdnesoence.   In other cases, however, when 

the luminescence Is weak or it is not present at all, the occurrence 

of this corona offset make the observations mare complicated.   The 

method used In these oases was to make two successivo runs at tve 

sane volta c, always with the chamber filled with the liquid.   During 

the first one the voltage applied at the quarts had a freqi,»jncy 

l*-500 Bo/sec different from the crystal resonance frequer <y.    .Since 

the off-resonence vibration Is not large enough to caura cavitation 

the deflection at tho light mater in this ease is dor to the corona. 

The second run was made with the quart* vibrating rod the cavitation 

going on. 

^ n* t 
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Far the preparation of the liquid solution, ve hove followed 

the ayrton aascrlbod by Fitsgeraldr. Doable distilled water was 

boiloi in a flask fcr half an hour; after cooling, carbon totara- 

chlrrido and a deaired gas are admitted in tha flask to saturate 

tt* water. 

The avwago illumination producGd on the phototube sensitive 

jurface, has been taken to characterise the luminescence produced 

in the liquids by sound waves. The licht meter deflections there- 

fere, have been converted to illuminations expressed in lumana/cm , 

(phots.) using another less sensitive photometer far calibration. 

3. Results 

A certain number of introductory observations wore made with 

the light meter to establish the relation between luminescence and 

oavitation in the liquids where luminescence occurs) it has been 

found that in these oases the two phenomena are always together* 

emory time capitation was present it was also possible to observe 

luminescence and vice versa* 

A study of luminescence in ecrao aqaeous solutions has been 

made at 1 Us/sec. Figure 6 shove the results obtained in tap water 

and in distilled water solutions of carbon tetrachlorlde saturated 

with argon and with carbon mcawad.de. In figure 6 there Is also a 

point showing the results of a series of measurements in tap water 

saturated with carbon tetrachlorlde. In this case the liquid became 

T-         — " "IMl I HF 
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olouty very quickly and the roadinco were not reproducible except 

for the first deflection of the light aster at the tlao the ouvitation 

started. It is evident that the addition of uuyb increases the 

luminescence together with the cherdoal effects. Tuo other solutions 

whore carbon tetrachloride is present with arson or carbon monoxide 

were chosen in order to co^are the luminescence with the cheaical 

effects. The latter were found to be larger when argon is in 

solution than \Avsn CO is present6. This is true also of the lumin- 

escence. 

Qoalitativu observations woro made in other aqueous solutions 

by means of visual observations, checking a* the same time the 

presence of chemical offacts. The chemical effects wore oscsured 

ly the quantitative determination of the production of hydrogen 

peroxide or free chlorine by titration with potassium iodide and 

soliuu thioeulphate and by the ooasure:«nt of uhe pO of the solution 

before and after the sound irradiation. 

Xt was In this way possible to see that luminescence and 

chemical effects are both present in distilled -.rater saturated, 

with carbon tetrachloride and one of the following gaeeet oxygen, 

nitrogen, sulphur, hexaflv -ids. >Jhen instead, hydrogen is added 

to distilled water and carbon tetrachloride, luminescence and 

chemical effoote disappear even though the liquid is cavitating. 

It was necessary in this case to carefully remove all traces of 

oxygen from the water and the hjJrQfon gas. For this reason the 

i —— • -W 
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ncrtjal uethod of preparing the solutions used before uas oodifled. 

Boiled triple-distilled water VOB frozen in a closed system uhich 

wxo than evacuated.    This process uae repeated tuo ti^es before 

adnitting hydrogen to the flask over a tube filled iri.th hot copixsr 

Hire, 

Sone observations Tiore mado also on the following organic 

liquids saturated with airi ether, acetone, aBthylalcchol, 

benaone and nitrobenzene.    The direct visual test ware negu ive 

for all of then including nitrobenzene although cavitation we 

present.   The naasurenant uLtfa the photonetor gave a different 

result in the case of nitrobenzene.    For this neasurorentc it 

was necessary to use tlie photometer at its aaxifflum eensiUvity 

so that it is inportant to tate into account the deflections due 

to the corona discussed above.   Figure 7 gives the light at the 

photonoter as function of the voltage applied to the transducer 

when the covitation is present in benzene and when the quartz is 

driven art of rcasonance.   Thn UlutiLnationa on the phototube for 

the sane vcltage are equal to t*iu Ur cas«os and evidently no lumin- 

escence is present.   The sine rerolt is valid for ether, acetone, 

and nethylalcohol.   Figure 8 shouo the results of the photometer 

neasurenento for nitrobenzene, where a definite difference is 

present between the two curvosj thus a very weak luminesoence is 

present,    Ck» can judge the intensity of the luminescence in this 

case, by comparison with that in tap wateri the deflections for tiu> 

rw= • * •:"*£:-%» •• 
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water «t the 8 an voltage are over 100 tins larger. 

the IxadnMomoe in tap water was also studied at the frequencies 

of 660 I^/eec end 2 lb/eee In order to sake a comparison of the 

phenoeona at different frequencies. the figure 9 gives the results 

for these tvofrequenoiee together with the ones given above at 1 Mo/seo. 

A eooroe of possible error in the relative positions of the three 

enrvee is in the determination of the voltage for which oavitatlon 

star\8 in the liquid chamber which affects the intensity scale. The 

difficvltdee for this determination have been mentioned befere. we 

estlaate that the accuracy of the voltage determination at the cevi- 

tation threshold in the chamber le around 10$ which weans that the 

accuracy witi which the intensities, as defined before are known as 

l$-20%,   Anothvr comparison of the results at different frequencies 

has been made, in figure 10 the Illumination at the phototube Is 

plotted a a function of the ratio J/J0 where J is the ultrasonlo 

intensity and J0 is the oavitatlon threshcld fop the respective 

frequencies given in figure ?. within the accuracy of the sound 

intensity Measurements these all lie on the same curve indicating 

that the a parent frequency dependence of the luminescence is 

actually due to the frequency dependence of the threshold of oavi- 

tatlon. 

Discussion 

These experiments have shown that when luminescence is observed 

i**W,.'afi9»*i.-;.£»- ?.-.:.      •        ..,,'• . .'-"•»-.«iT >        •?«_• r*U S. 
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ia liquids Irradiated with ultvasef&As it is only observed, when 

the sound int*s*itjy and gas content is sufficient to bring about 

G@rsritaticn« In svery case luminescence is observed only if e*vi= 

tation is observed, 'i'he sanitation threshold is the luiaineseeaee 

threshold* In the ^isr^carbon tstraehlc»id©~hydrogen system even 

though cavitatlon *as observed there was no luminescence; in the 

ease of all the organic liquids observed esosept nitrc-benssene 

cavitation was observed bat no luminescence* In these cases where 

there was no bservable luxitaescenee there was also no observable 
c 

chemical rer>ticn* In previously r eported° observations qualitative 

estimates f the intensity of luminescence were correlated with the 

leisured yield of chemical reaction. These observations were made 

using vuloua dissojlved gases, e.g. ergon, sotrogen, oxygen, carbon 

monoxide, sulfur hexaflueride and seme of the freons. The quantita- 

tive measurements of luminescence given in figure 6 were ssds on 

systems ufcich covered a reasonable range of chemical jinXd.    fhese 

neasureMn-t? show a quantitative aememsnt between, the intensity of 

luminescence and the yield of eheaical reaction. The intensity of 

luminescence, and yield of free chlorine, and the observed ©avita- 

tlon were all greatest for the water-carbon tetrachleride-«rgon 

system even though other experiments to be reported elsewhere have 

shown that the argon slightly increases the threshold of cavitatlon. 

Thus it would seem that the luminescence, observed in water solutions, 

always accompanied by cavitation, is actually chsmiltimineseenoe. 

T^feTSg^O'Jfe 
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The luminescence observed in nitro-be&sene ie of a completely 

different esrdar of Bsagnitud© and thus it is ANfe&ftil if any shea&cal 

reactica would be observable even if it occurred* It is entirely 

possible that this luminescence could also bs of chemical origin 

either due to t rases of water ©r other disparities in the nitrobenzene 

sr to a slight decomposition of the nitrobenzene itself. Chambers 

has observed luminescence in the range of 1-1C Ke in a auabsr of 

liquids. His results do not agree with ours in iheMe range, ©«g., 

he finds s tronger luminescence for nitro-beneene than for water* 

Whether our teak nitrobenzene luminescence is of the same kind as 

that observed by Chambers, and wither there are in general different 

mechanisms in the different frequency ranges cannot be decided at 

present* 

Bran though figure 9 would seem to indicate a frequency dependence 

for tha luminescence and the ehemcal yield figure 10 shows that the 

threshold of csvitaticn is frequency d ependent and if this dependence 

is taken into account all of the results fall nicely on a single cam* 
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Fig. 10. luminescence in tap water at various fre« 
quencies as function of the ratio sound in' ensity/ 
intensity at cavitation threshold. 
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